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ABSTRACT

This report presents the results of an evaluation
of the operational characteristics of the flight contro!
systems and mechanizations that are permanently located
ir. the Hydraulics Laboratory of the Control Elements
Branch of the Air Force Flight Dynamics Laboratory in
Building 195, Wright-Patterson Air Force Base, Dayton,
Ohio. This effort was performed by Hydraulic Research
and Manufacturing Company personnel under Air Force Con-
tract F33615-68-C-1638.

The flight control systems evaluated were the Sperry
three axis, two-fail-operate Fiy-By-Wire (FBW) system and
the McDonnell Douglas single axis, single-fail operate sys-
tem. The mechanizations evaluated were the Hydraulic Research
and Manufacturing Company's Polaris integrated actuator, the
Vickers Model MPEV3-044-2 motorpump, and the FDCL developed
hydrologic hydraulic power switching valve. In addition,
a discussion of redundant actuation and control equipment
design techniques is included in section three of this
volume.

The investigation disclosed that the Sperry and
McDonnell Douglas FBW systems have adequate dynamic res-
ponse and reasonable control transfer characteristics for
near future FBW applications. However, considerable re-
furbishing and redesign would be necessary to qualify the
mechanizations for actual flight test.

The Hydraulic Research and Manufacturing Company
Polaris iategrated actuator was found to have adequate
performance for FBW applications, but considerable re-
furbishing and redesign would be necessary to extend the
operational life of this integrated actuator concept.

The Vickers motorpump has adequate performance for
consideration as a back up source for emergency hydraulic
power applications, but the suggested application guide-
lines listed in this report should be applied.
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SECTION I

INTRODUCTION

This section of this report describes the mechaniza-
tions, test procedures, and results obtained of an experi-
mental study of servo actuators and associated components
supplied as facility items during the period of this con-
tract. The purpose ofthis investigation was to determine
those characteristics of the system or component evaluated
which make the mechanization or item more or less desirable
for use in future Fly-By-Wire flight control systems.

The systems and components evaluated during this ef-
fort were the Sperry two-fail operate Fly-By-Wire (FBW) sys-
tem, the McDonald Douglas single-fail operate FBW system,
the Hydraulic Research and Manufacturing Company Polaris
integrated pakcage servo actuator and the Vickers Model
MPEV3-044-2 Motor Pump Assembly.



SECTION I!

EXPERIMENTAL STUDIES ON SERVOACTUATORS

1. SPERRY FLY-BY-WIRE SYSTEM

1.1 Introduction

The Sperry Fly-By-Wire (FBW) system is a three axis,
two-fail operate mechanization composed of channel elec-
tronics, control simulator, sidearm controller and elec-
trohydraulic servoactuator. These units are shown in Fig. 1.

The Sperry FBW system was designed as an experimental
laboratory model demoi:stratcr of a particular FBW design
technique applied to a Boeing B-47 aircraft flight control
system. However, the packaging of the channel electronics
and servoactuator was arranged to allow the system to be in-
stalled in a B-47 aircraft for flight test evaluation.

The Sperry FBW system was developed undqr contract

F33 615-67-C-1510 (Ref. 1) and was a continuation of the re-
search conducted by Sperry under contract AF 33(516)-3615
(Ref. 2) on Fly-By-Wire flight control systems. The Sperry
FBW system was completed in August 1968.

I.' General System Description

The Sperry FBW system demonstrator provided three con-
trol axes for evaluation. The pitch axis was complete, in-
corporating the necessary electrohydraulic actuator in hard-
ware form. For the roll and yaw axis mechanization, the
electrohydraulic actuator was modelled electrically.

Fig. 2 is a block diagram of the pitch (longitudinal)
axis. The pilot's input, modified by pitch rate (§) and nor-
mal acceleraeion (Nn) feedback, controlled the output of
the electrohydraulic servoactuator. A position transducer
attached to the actuator develops a signal proportional to
elevator position (de). This signal proportional tod e was
fed to an aircraft analog model which developed the Nn and
0 feedback signals.

2
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The block diagram of the roll and'yaw lateral direc-
tion axes as shown in Fig. 3. The pilot's roll or yaw in-
puts are modified by roll and yaw rate feedback and applied
to analog models of the roll and yaw actuators. The actuator
model, generate a surface response signal which is modified
by the analog simulation of the aircraft dynamics and demodu-
lator and scaled to yield the desired feedback signals.

The pitch and roll actuator position signals are also
picked off and applied through interface networks to drive
a modified artificial horizon indicator on the control simu-
lator front panel.

Failure detection in the electronic circuits of the
Sperry FBW system is accomplished by the utilization of a
5 KHz tracer signal which appears throughout the channel
electronic circuits. Saturation of any element or simple
failure of the element will eliminate the tracer signal and
cause the internal logic to isolate the faulty channel and
transfer the mode of operation of the system to the next lower
order of Ledundancy.

1.3 System Mechanization Description

1.3.1 Sidearm Controller

The sidearm, controller shown in Fig. 4 is a three
axis, spring centered controller. The output in each axis
is proportional to control stick position. In the pitch
axis there are four independent synchro transducers which are
individually excited from the channel electronics power sup-
plies. The roll and yaw axis each contain one synchro trans-
ducer which is excited frcm the-model channel electronics
power supply. To simulate the quad-redundant stick in these
axes, four roll and yaw output signals are electronically
generated frcm one synchro output.

1.3.2 Channel Electronics

Each axis of the system electronics is comprised of
three active channels and a model channel. The electronics
utilize thick film replaceable modules packaged in compact
ATR racks as shown in Fig. 5. The active channel electron-
ics are interchangeable and keyed to prevent their misuse
as a model channel.

5
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The active channels drive active electrohydraulic ac-
tuator3 (models In the roll and yaw axis) while the model
channel develops a mcdel of the actuator for monitoring pur--
poses. The channel electronics contain regulated power sup-
plies, tracer signal generators, signal shaping and summa-
tion networks, servoactuator drive, monitoring and failure
reporcing displays.

1.3.3 Control Simulator

The Control Simulator shown in Fig. 6 contains the
B-47 analog model, buffers and steering networks to process
the channel electronic failure logic signals, failure annun-
ciator and axnes status lamp drivers, aircraft displays and
all engage switches and channel discretes required for channel
engagement. In addition the control simulator contains a
clocked logic network to systematically evaluate the status
of the channel electronics by determining their response to
hardover inputs and a switch matrix for intentionally insert-
ing preselected failures. This clocked logic network pto-
vides automatic checkout of the failure detection and removal
characteristics of the mechanization prior to engagement.
The control simulator also acts as a system junction box for
the channel electronics, the actuator, and the sidearm con-
troller.

1.3.4 Triple Redundant Actuator

The triple redundant actuator shown in Fig. 7 consists
of three hydraulically independent servoactuators connected
in parallel to a common load. Actuator synchronization is
accomplished by the force sharing technique.

The channel electronics drive jet pipe servovalves.
Each servovalve comaands a spring centered second stage valve
or servoram. As shown in Fig. 8, each servoram is mechani-
cally engaged to a force summing shaft. This force summing
shaft is connected to the main. control valves controlling
the flow to the output actuator drive areas. Mechanical
position feedback was used from the actuator to the main
control valve. In addition, an external linkage is con-
nected to the feedback link to provide a mechanical input
to the actuator. This link is normally adjusted for the
ideal trim conditions and clamped to the actuator body.

9
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Each section of the force summing shaft is aligned
relative to the others and the sections mechanically locked
together so that any one servoram may drive all three control
valves. Because of the use of jet pipe servovalves, the
drive areas of inactive servorams are interconnected through
the large servovalve flow passages.

Each actuator section is also equipped with a solenoid
valve to cut off the servovalve supply pressure. A bypass
load limiter is also incorporated in each actuator section
to interconnect the section drive areas. The bypass load
limiter operates when a static or dynamic mismatch, between
channels creates a pressure differential that would over-
stress the mechani'al linkage within the actuator.

The servoram of each actuator is loaded by the force
output of the other servorams and a force fight phenomena
exists if there is a discrepancy among the three active
channels. The Sperry FBW system utilizes pressure equali-
zation techniques to reduce interchannel discrepancies and
the .resulting force fight between servorams to a level of
less than 1% for an input mismatch of as much as 10%.

The differential pressure across each servovalve is
voted in a midvalue logic network in each channel and an
error signal is applied as a feedback at the summing junc-
tion of each valve drive servo~mplifier to force the indi-
vidual channels to approach the midvalue.

1.4 Test Description

The performance of the Sperry FBW system was evaluated
by determining the frequency response and phase shift charac-
teristic and the control channel failure removal and transfer
characteristic in the two fail operate, fail operate and
fail safe modes of operation.

The pitch axis of the Sperry FBW system is the only
control axis that incorporates an active actuator, and thus
was the only axis evaluated in this investigation.

1.4.1 Dynamic Response - Secondary Actuator

The Sperry FBW system was instrumented for frequency
response and phase shift measurements as shown in Fig. 9.

13
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To allow evaluation of the Sperry simulation strictly
as a redundant actuator mechanization, (without the modify-
ing effects of the B-47 aircraft normal acceleration and
pitch rate feedback signals) the internal B-47 aircraft
model was disabled by removing a jumper cable provided for
this purpose. The pitch axis internal electronics incor-
porated a forward path element having a proportional and
integral characteristic (ref. Fig. 2). Since the integral
characteristics of the element did not affect the dynamic
operation of the pitch axis, the forward path element was
not eliminated for the tests performed on the pitch axis.

The demodulated output from the sidearm controller
was disconnected from the summing junction of the initial for-
ward loop operational amplifier. The input signal from the
function generator was connected to the summing junction of
each active channelthrough the input resistor normally con-
nected to the sidearm controller demodulated output signal.

The Sperry FBW syste!m was energized in the two fail
operate mode and the trim input control was adjusted until the
servoram RVDT output approached zero. The pilot input mech-
auical linkage position was adjusted to provide a main ram
extension of 1.275 inches from the fully retracted position.

To allow frequency response measurements, the demodu-
lated and filtered output from the servoram RVDT was applied
to the horizontal axes of a DC coupled scope. The response
measurements were made at a main ram deflection of + .050
inches. Particular failure modes were obtained by inter-/rupting the power source of selected channels. /

1.4.2 Dynamic Response - Main Ram

The motion of the main ram df the servoactuato was
obtained from an LVDT mechanically connected to the hinged
flap that supports the rod end of the main ram. The LVDT
was connected to the hinged flap at a point opposite to
the attachment of the main rams of the servoactuator but
on the same horizontal thrust plane.

The LVDT was excited from a 28 volt, 400 Hz source.
The output from the LVDT was synchronously demodulated and
filtered with a second order lag network having a 3 db break
point at 80 Hz or approximately one order of magnitude above
the expected response of the Sperry Fly-By-Wire system.

15



The dynamic response of the main ram wa.s determined
with the same procedure developed for the secondary actuator
or servoram.

1.4.3 Control Channel Failure Removal and Transfer Charac-
teristics

The purpose of this investigation was to evaluate the
control channel failure removal and transfer characteristics
of the Sperry FBW system.

Channel failures were simulated by applying hardover
inputs or by the removal of hydraulic or electric power.
Signal injection and power removal functions were accom-
plished by utilizing the failure injection switch matrix
provided on the panel of the Sperry control simulator.

The effect of the simulated channel failures was eval-
uated by observing the transient and long term deviations of
the servoactuator main ram when the failures were injected.

The control channel failure removal and transfer char-
acteristics were determined by injecting a specific failure
into the pitch axis of the control channel electronics to
cause the Sperry FBW, system logic to sequentially transfer
control from the two fail operate mode to the fail safe mode.

After the injection of each failure and the stabili-
zation of the event resulting from the simulated failure, the
main ram zero pitch trim position was re-established prior
to initiation of the next failure simulation.

The servoactuator main ram position was monitored with
the LIVDT instrumentation and the demodulated and filtered
LVDT output was connected to the vertical terminals of a DC
coupled oscilloscope. The transient effect of failure injcz-
tion was recorded with a Polaroid Camera attachment mounted
to the oscilloscope.

1.5 Test Results and Analysis

in the process of preparing the Sperry FBW system for
ev•luation, an excessive voltage was accidentally applied to
the 400 Hz AC power input of the Sperry control channel

16



electronics. The channel electronics were not protected
and the channel electronic power supplies and some logic
modules were damaged. Sperry personnel repaired the
channel electronic modules and rewired the 400 cycle,
3 phase input to allow the system to be operated from
a single phase, 400 cycle source. Sperry personnel also
stated that the FBW system appeared to be operating cor-
rectly.

The pitch axis electronics contained a forward path
element having a proportional and integral characteristic.
vi;'th the aircraft model disabled, feedback around the in-
tegral characteristic of the element wab eliminated, al-
lowing the element to generate the drift observed during
the evaluation testing. Since the evaluation tests were
of a dynamic nature and the integral 'characteristic con-
tributes only to DC drift characteristic, no attempt was
made to remove the subject elements characteristic from
the forward path. Fig. 10 shows the measured frequency
response of the element over the performance range used
to evaluate the actuator channels. As can be seen from
the plot, the integral characteristic of the element did
not affect the frequency response measurements in any way.
The principle effect of the element was the gradual DC
drift instability observed during the evaluation testing
and appearing in the failure removal characteristic photo-
graphs.

As anticipated, with the B-47 model disconnected, the
forward path free integrator characteristic required DC
trim correctionis during measurement of the dynamic res-
ponse characteristic. The zero trim position of the force
summing shaft could be maintained if prior to each dynamic
test, the input was shor6 circuited and the pitch trim
very carefully adjusted until all drift was eliminated.

In different modes of operation, it was necessary to
vary the drive signal to maintain a constant 1 H7 output
deflection at the force summing shaft.

1.5.1 Dynamic Response - Secondary Actuator

The frequency response and phase shift characteristics
^of the secondary actuator or servoram are shown in Fig. 11

i
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through 18. The frequency response and phase shift charac-
teristics in the two fail operate mode, Fig. 11 and the fail
operate mode, Fig. 12 through 14, are typical of a well
damped second order system with some higher order network
effects present. The damped natural frequency in these
modes varied from 6.0 Hz to 8.5 Hz with the damping ratio
(second order equivalent) varying from .3 to .7.

The amplitude and phase shift characteristics in the
fail safe and select modes of operation exhibited degraded
response from the two fail operate and fail operate modes
of operation. The degraded response reflected the reduced
driving force to drive the servoram with just one channel
operating. The decreased effective force in the fail safe
and select modes results in a decreased dynamic response,
which is typical of a force summed unit under constant
loading.

When channel :wo was operated independently, the trim
characteristic of the particular forward path integrator
plus the other channel two components gave a null charac-
teristic that prevented dynamic response measurements.

Fig. 15 and 16 show the measured response of channel
I and 3 operating in the fail safe mode, with the electronic
model operating. The channel 3 response showed no peak-
ing and a smooth roll off of response above 5 Hz. The
-3db point occurred at 8 Hz. The channel 1 response did
not particularly resemble the channel 3 characteristics.
The amplitude response started to attenuate gradually
above 1.5 Hz, but maintained a response which was only
-3db down at 9.5 Hz.

Fig. 17 and 18 show the response in the channel se-
lect mode for channel 1 and channel 3. The measured res-
ponse differed slightly from the fail safe mode of opera-
tion with the same respective channels. Channel I exhi-
bited a smooth roll off, no peaking and a response which
was -3db at 6.5 Hz. This was a slightly lower response
than the fail safe mode, but with what appeared to be a
response more typical of a linear servo system. Channel
3's operation in the select mode showed some irregularity
above 10 Hz, but exhibited a relatively smooth response
having a -3db point at 6.5 Hz.

19
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1.5.2 Dynamic Response-- Main Ram

The frequency response and phase shift characterfstics
of the main ram are shown in Fig. 19 through 28.

The dynamic response characteristic of the secondary
actuator or servoram, (decreased response with decreased ef-
fective force) is reflected in the dynamic response of the
main ram in the various modes of operation.

The two fail operate frequehcy response (-3db point)
was 6.0 Hz. The variation of the frequency response be.-
tween the different channel combinations for the fail
operate mode was from 5 Hz to 8 Hz (for the -3db point).

The degradation of the main ram dynamic response in
the fail safe mode of operation, Fig. 23 through 25, cor-
relates with the observed downward trend in the dynamic
response of the servoram in the same redundant mode. The
frequency response measurements in the fail safe mode
(with the exception of channel 1 operation) gave a -3 db
point which varied from between 4.75 to 7 Hz with the dif-
ferent channels operating. The channel I -3db point of
2.75 Hz is different than with the other channels opera-
ting.

The main ram dynamic r=spdnse in the select modes-of
operation, Fig. 26 through 28, is degraded in reference to
the servoram response in the same redundant mode of opera-
tion. The response variation between channels is small,
with the -3db point ranging from 2 to 2.5 H,.

The decreased dyna'mic response in the 'ail safe and
select modes of operation is related to the decreased ef-
fective driving force available for driving the servoram
when operating in these modes.

1.5.3 Failure Removal Characteristic

This investigation was limited to an evaluation of the
transient effect of the insertion of positive and negative
hardover signals into the control channel electronics. The
limited scope of this effort did not permit an evaluation
of the effects of open input or open feedback failures,
but these effects are generally less severe, in terms of

28
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the aircraft piLch rate response, than hardover signals.,
Furthermore, the cffect of the insertion of hardover signals
was evaluated in terms of the positional deviation of the
main ram, rather than the pitch rate of the airframe.

1.5.3.1 Two-Fail Operate Mode

The Sperry FBW system consistently decoupled the chan-
nel into which the bardover Signal was applied within 200 to
400 milliseconds after the initiation of the simulated fail-
ure. The main ram transient deflection that resulted from
the hardover input was .072 to .110 inches or less than
1.30 equivalent elevator pitch change, as shown in Fig.
29 through 34.

The position drift (after failure removal) shown in
Fig. 29 through 34 is caused by the free integrator in
the forward path element of the pitch axis mechanization.
The drift would not have existed with the B-47 aircraft
model inserted in the control loop.

1.5.3.2 Fail Operate Mode

The Sperry FBW system consistently decoupled the chan-
nel into which the hardover signal was applied within 250
to 350 milliseconds after the initiation of the simulated
failure. The nia4- ram deflection resulting from the hard-
over inout was .100 to .200 inches or less than 2.40 equi-
Vakent elevator change, as shown in Fig. 35 through 38.

.V Fai Safe M-.de

'-he Sperry FBW systte consIst-etly decounled the chan-
nel into wVIch the nardover signa! was applied within 250
to 500 milliseconds after the initiation of the shmulated
fa._ure. The main a deflection that resulted from the
hardover inlput was .300 to .630 irnches or less than 7.50
eLuivalent elevator pitch chaage,, as showa in Fig. 39 and
40.

mairn ram retained an offset in the direction. o-th• hardover __- 1 of 0.320 inches fo-- " "dhadoe hares poCD-' It

and 0.216 inches -for hardover negative,

The offset conii It-1')n x e eri e d_ thla modl oroperation mav be ca1ised by t:l,= bl:gh mniln ra-. seal frIC-

tion force.
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Two Fail Operate Mode
Channel One - Hardover Positive
Vertical - .090"Main Ram Def/Major Division
Horizontal - 0.5 Sec/Major Division
Input - None

/

Two Fail Operate Mode
Channel One - Hardover Positive,
Vertical - .090"Main Ram Def/Major Division
Horizontal- 0.5 Sec/Major Division
Input - 3Hz

Figure 29. Channel One Failure Removal Characteristic
Two Fail Operate Mode - Positive Input
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Two Fail Operate Mode
Channel One - Hardover Negative
Vertical - .090 // ain Ram Def/Major Division
Horizontal - 0.5 Sec/Major Division
Input -None

Two Fail Operate Mode
Channel One - Hardover Negative

Vertical - .090"Mqin Ram Def/Major Division
Horizontal' - 0.5 Sec/Major Division
Input - 3HN

F1,gure 30. Channel One Failure Removal Characteristic
Two Fail Operate Mode Negative Input

'41Lhne n advrNgtv



Two Fail Operate Mode
Channel Two - Hardover Positive
Vertical - .090'Main Ram DeflMajor Division
Horizontal - 0.5 Sec/Major Division
Input - None

Two Fail Operate Mnde
Channel Two - Hardover Positive
Vertical - .090eMain Ram Def/Major Divisiion
Horizontal - 0.5 Sec/Major fivision
Input - None

Figure 31. ChanneL Two Failure Removal Characteristic
Two Fail Operate Mode -Positive Input
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Two Fail Operate Mode
Channel Two - Iardc-yer Negative

Vertical - 090' Matn Ram Def/Major Division
Horizontal -0.5 Sec/Major Division
Input -None

Two Fail Operate Mode
channel Two - Hardover Negative
Vertical - .090"Main Ram Def/Major Division
Horizontal - 0.5 Sec/Major Division
Input - 3H z

Figure 32. Channel Two Failure Removal Characteristic
Two Fail Operate Mode - Negative Input
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Two Fail Operate Mode
Channel Three - ,,Hardover Positive
Vertical - .090 Main Ram Def/Major Division
Horizontal - 0.5 Sec/Major Division
Input - None /

Two Fail Operate Mode
Channel Three - Hardover Positive
Vertical - .090 Main Ram Def/Major Division
Horizontal - 0.5 Sec/Major Division
Input - 3Hz

Figure 33. Channel Three Failure Removal Characteristic
Two Fail Operate Mode - Positive Input
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Two Fail Operate Mode
Channel Three - Hardover Negative
Vert4cal - .090°'Main Ram Def/Major Division
Horizontal - 0.5 Sec/Major Division
Input - None

Two Fail Operate Mode
Channel Three - Hardover Negative
Vertical - .090 Main Ram Def/Major Division
Horizontal - 0.5 Sec/Major Division
Input - 3 Hz

Figure 34. Channel Three Failure Removal Characteristic
Two Fail Operate Mode - Negative Input
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Fail Operate Mode
Channel One - Failed Electrically
Channel Two - Failed Hardover Positive
Vertical - o090'Main Ram Del/Major Division
Horizontal - 0.5 Sec/Major Division
Input - None

Fail Operate Mode
Channel One - Failed Electrically
Channel Two - Failed Hardover Positive
Vertical - . O/ Main Ram Def/Major Division
Horizontal - 0.2 Sec/Major Division
Input - 3 Hz

Figure 35. Channel Two Failure Removal Characteristic

Fail Operate Mode - Positive Input
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Fail Operate Mode
Channel One - Failed Electrically
Channel Two - Failed Hardover Negative
Vertical - .090'Main Ram Def/Major Division
Horizontal - 0.5 Sec/Major Division
input - None

Fail Operate Mode
Channel One - Failed Electrically
Channel Two - Failed Hardover Negative
Vertical - .080"Main Ram Def/Major Division
"Horizontal - 0.2 Sec/Major Division
Input - 3 Hz

Figure 36. Channel Two Failure Removal Characteristic
Fail Operate Mode - Negative Input
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Fail Operate Mode
Channel One - Failed Electrically
Channel Three - Failed Hardover Positive
Vertical - .090 Main Ram Def/Major Division
Horizontal - 05 Sec/Major Division
Input - NonE

Fail Operate Mode
Channel One - Failed Electrically
Channel Three - Failed Hardover Positive
Vertical - .080"Main Ram Def/Major Division
Horizontal - 0.2 Sec/Major Division
Input - 3 Hz

Figure 37. Channel Three Failure Removal Characteristic
Fail Operate Mode - Positive Input

48



Fail Operate Mode
Channel One - Failed Electrically
Channel Three -,Failed Hardover Negative
Vertical - .090 Main Ram Def/Major Division
Horizontal - 0.5 Sec/Major Division
Input - None

Fail Operaite Mode
Channel One - Failed Electrically
Channel Three -JFailed Hardover Negative
Vertical - .080 Main Ram Def/Major Division
Horizontal - 0.2 Sec/Mqjor Division
Input - 3 Hz

Figure 38. Channel Three Failure Removal Characteristic
Fail Operate Mode - Negative Input
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Fail Safe Mode
Channels One & Two -Failed Electrically
Channel Three - Failed Hardover Positive
Vertical - .180 Main Ram DefiMajor Division

Horizontal - 0.5 Sec/Major Division

Input - None

T il Safe Mode
Channels One & Trwo -Failed Electrically
Channel Three - Failed Hardover Positive
Vertical - .065 Main Ram Def/Major Division
Horizontal - 0.2 Sec/Major Division
Input - 3Hz

Figure 39° Chaitne! Three Faiiare Removal Characteristic
i Fail Safe Mode - Positive Input
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Fail Safe Mode
Channels One & Two -Failed Electrically
Clanne! Thiee - Failed Hardover Negative
Vertical - .180 Main Ram DefiMajor Division
Horizontal - 0.5 SeciMajor Division
.Inpct ~None

Fail Safe Mode
Channels One & Two -Failed Electrically
Channel Th'.ree - Failed Hardover Negative
Vertical - 0065 Main Ram Def/Major Division
Horizontal - 0.2 Sec/Major Division
Input - 3 Hz

Figure 40. Channel. Three Failure Removal Characteristic
Fail Safe Mode - Negative Input
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1.6 Problems Encountered During Test Evaluation

During the testing evaluation, the model channel
would consistently overheat, causing the simulator to
transfer to the fail operate mode from the dual fail
operate mode. In order to keep the model channel con-
siscently engaged, the cover was removed from the model
chassis and a small cooling fan was used to cool the unit.

The actuator low level (strokes less than + .050
inches) threshold characteristics prevented making low
amplitude, low frequency measurements. The dynamic res-
ponse below 1 cycle and .05" deflection was erratic to
the point that dynamic measurements were prevented.

1.7 Conclusions

As stated in the AFFDL-TR-69-9 (Report on the Devel-
opment of the Sperry System) the experimental laboratory
model was designed to demonstrate the feasibility of the
particular redundant system mechanization. As a demon-
strator, the unit operated satisfactorily with few prob-
lems.

The surface deviations with injected failures varied
with the redundancy operating mode. In the two fail operate
mode, the maximum deviation was 3.25%. In the fail operate
mode, the maximum deviation was 6%. In the fail safe mode
the maximum deviation was 18.5%.

The appar,.mt actuator dynamic threshold for linear
operation appeared to be significant enough (approximately
2.8%) to require improvement if the performance potential
of the particular fly-by-wire mechanization is to be rea-
lized. This high dynamic threshold (probably caused by
seal friction in the servoram linkage) would prevent low
level dynamic control signals from being faithfully re-
produced at the actuator output.

The preflight checkout sequence operated satis!:ac-
torily; however, the sequence of test failures was not com-
plete enough to more than nominally check the operating
conditions of the unit, and would require expansion for
an actual flight unit.
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The degradation of servoram- response with injected
failures was somewhat greater than anticipated for the
force sharing type of mechanization used. The extent
of the degradation was probably greatly influenced by
the friction and seal loading of the servoram and al-
though it probably could have been improved, it does
point out that area as a critical design point of the mech-
anization.

The general response measurements documented reflec-
ted results similar but not identical with those run by
Sperry during the development testing. Slightly more per-
formance degradation than that measured by Sperry was en-
countered in the fail safe mode and channel select modes
of operation. This probably indicated a slight change
in the operating condition of the simulator between the
two periods.

1.8 Recommendations

If the Sperry system were to be used in flight appli-
cation, the electronics would require some modification in
order to pass the high environmental thermal requirements
in aircraft.

Since in normal operation, the electronic system
would be run using three different phases of electrical
power, the system should be evaluated with this operating
condition. Because the unit is designed to operate on
three phase electrical power and can be incorrectly con-
nected to the electrical power, it would appeaz worthwhile
incorporating into the demonstrator circuitry to protect
the electronics from the 100% overvoltage conditions pos-
sible with incorrect connection to a three phase electri-
cal source.

In view of the use of the simulator as a laboratory
model, the electronics were not particularly accessible.
Although the packaging would have good application in pro-
duction hardware, the accessibility of the electronics
did not lend itself to convenient test measurement and/or
trouble shooting. For future testing, convenient test
points should be permanently incorporated into the simulator.

Because of the apparent effects of seal friction
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(high dynamic threshold and change of main ram response

with change in failure mode), it is recommended that the
servoram seal friction be reduced. This could be accom-
plished either by a seal type change to a lower friction
seal (Bal seal) or equivalent, or carrying out mechanical
redesign of the mechanization to improve the "drive area"
to "seal force" relationship.
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2. VICKERS MOTORPUMP EVALUATION

2.1 Introduction

The Vickers Motorpump was submitted for evaluation as
a potential back up hydraulic power source for use in cri-
tical or sensitive portions of an aircraft flight control
system. The device would be mounted internally within the
airframe and automatically actuated or connected to a pre-
selected portion of the aircraft hydraulic system upon
failure of the on board hydraulic sources. The motorpump
would provide short term, emergency, hydraulic power and
limited handling characteristics to enable the pilot to
maneuver the aircraft to a safe area.

Fig. 41 is an illustration of the Vickers Model
NPEV3-044-2 motorpump submitted for evaluation.

2.42 Device Description

The Vickers Motorpump is a variable displacement in-
line piston pump positioned coaxially on a co-mon driven
shaft with a single stage centrifugal boost pump as illus-
trated in a typical design shown in Fig. 42.

The pumps are driven by a totally enclosed 10.0 HP,
3 0. 400 H. air cooled induction motor which is equipped
with an external fan and finned case. The centrifugal
boost pump draws hydraulic fluid from the reservoir and
increases the oil pressure sufficiently to prevent cavi-
tation of the piston pump at low fluid temperatures.

The flow from the piston pump is proportional to the
yoke angle. The yoke is positioned by an actuator piston
which is alternately connected to output pressure or case
drain as determined by the valve action of a spring loaded
pressure compensator piston as shown in Fig. 43.

The movement of the actuator piston is mechanically
coupled to the yoke such that the delivery volume is Invwrsely
related to the developed pressure within the normal control-
lable range (less than maximum displacement) %f the variable
displacement pump.
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T=o -

FOTVLECASE DRAIN CYLINDER BLOCK

FRONT BEAP .. ,--

PISTON SHOE

- ~REAik BEARING

DRIVE S~iAFT

\,-YOKE PINTUP BEARING

ACTUATOIP PISTON YOKE SPRING
SOLE NOID RETURN ASSEMBLY

VALVE

(OMFtrISATL, I'ALVE

Figure 42. Typical Motorpump Design

(Vickers Mo'iel MPEV3-044-2)
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COMPENSATOR VALVE 7TTAK PCS

OUTLET PUMP YOKE

HIGH PRESSURE
PC DRIVE SHAFt

COMPENSATOR
VALVE SPRING

INLET7

LOW PRESSURE

PRESSURE ADJUSTMENT -- YOKE ACTUATING CYLINDER

SCHEMATIC SKETCH OF PRESSURE COMPENSATED PUMP

(DIFFERENTIAL TYPE)

Figure 43. Pressure Compensator Mechanism

(Vickers Model MPEV3-044-2)
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2.3 Test Description

There is a vast number of airframes and related hy-
draulic circuits to which the Vickers Motorpump could be
adapted. Theiefere, it was necessary to establish a limited
general test program to evaluate the innate hydraulic, elec-
trical, and mechanical characteristics of the device rather
than the application of the Vickers Motorpump package to a
specific user requirement.

The following series of tests were selected by analy-
sis of possible failure modes and method of application of
the device:

2.3.1 Determine the pressure-flow (P-Q) capa-
bilities of the motorpump package under
nominal specified power input conditions.

2.3.2 Determine the tolerance of the device t6
reduced input voltage conditiotis nt vari-
ous flow rates.

2.3.3 Determine the temperature rise charac-
teristics of the Vickers Motorpump unit
at various hydraulic power output eivels.

2.3.4 Determine the start up charazteristics
of the motorpump combination at various
flow rates and power input conditions.

2.3.5 Determine the operativg characteristics
of the motorpump rombination connected
to an aerodynamically loaded (simulated)
hydraulic actuator.

The test stand shown in Fig. 44 was assembled to ob-
tain empirical data from the Vickers Motorpump assembly.
The motorpump receives hydraulic fluld from a one gallon
sealed reservoir. The reservoir was pressurized to prevent
foaming and cavitation of the pumps due to test stand flow
restrictions. During tests 2,3.1 through 2.3.4 the pressur-
ized fluid from the pump was throttled through a bypass
valve to reservoir return. The fluid was directed to the
F-4 stabilator actuator during test 2.3.5 and the bypass
valve was closed.
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The electrical input to the motor was monitorud.
Applied voltage, current and power consumption data was
r,:corded. System pressures were monitored visually at
several points with pressure gauges an.1 a pressure t:rans-
ducer was installed to record system pressure change3 with
an oscilloscope camera.

An auxillary hydraulic source equipped wi:h a :9ge
reservoir and oil coolers was connected to the test st:.:d..
hydraulic system to provide recirculating cooling to rapid-
ly reduce the high system temperatures that were developed
during test stand operation. The cooling flow was obtained
from across a low pressure drop orifice which developed a
differential pressure of 35 psi at full flow from the auxil-
lary hydraulic source. Between tests flow through the
motorpump was intermittantly cycled between the reservoir
and the auxillary system to remove the heat generated by
prolonged evaluation testing.

The (simulated) aerodynamically loaded actuator por-
tion of the test stand is shown in Fig, 45. This mechani-
zation utilized two F-4 stabilator dual tandem servoactua-
tors. The cont:ol valve was removed from one unit and the
hydraulic cylinder portion of the actuator was fitted with
a manifold plate. Each side of the ram end of the actuator
was connected to a 15 gallon depressurized accumulator.
The accumulator, actuator, cylinder, and connecting lines
were then filled with hydraulic fluid and pressurized several
times to remove the entrainee air. The actuator was then
centered and the interconnecting valves were closed. The
liquid spring thus created utilized the compressibility of
the hydraulic fluid to generate a linearly increasing simu-
lated aerodynamic load of 18,000 pounds at full stroke of
three inches in either direction from the center position.

The other F-4 actuator was connected to the Vickers
Motorpump assembly. The actuator was joined to the liquid
spring with a slide block which rode cylindrical ways at-
tached to a very rigid base support. The other ends of
the actuators were restrained in clevis block that were
rigidly attached to the base support.

Inputs to the Vickers Motorpump powered F-4 stabilator
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actuator were generated by a Hydraulic Research and Yianu-
facturing Company integrated package Polaris actuator iden-
tical to the unit evaluated a,ýicý reported in another section
of this report. This actuator was utilized because of its
small size and greater slewing. capability than the F-4 sta-
bilator actuator.

The Polaris actuator was attached to a riser block
from the slide that connected the F-4 actuator to the liquid
spring. A closed loop position servomechanism was thus
formed because the Polaris actuator position inputs were ef-
fectively cancelled by movement of the Polaris actuator body
relative to the F-4 actuator.

A spring preloaded, overstroke cartridge was connected
between the Polaris actuator output and the differential
output linkage of the F-4 stab,.lator actuator to prevent
damage to either mechanism in '--he event the coupled dynamic
response Of the actuators became sufficiently out of phase
to cause the F-4 stabilator actuator differential input
linkage to reach the limit stops,

2.3.1 ýNomiri&1 Pressure - Flow Characteristics

The Vickers Motorpump assembly was mounted in the
test stand and connected to the hydraulic and electric
power sources as shown in Fig. 46. The unit was operated
under full bypass flow conditions (zero indicated pressure)
and the line voltzý.ge was adjusted to 208 volts, leg to neu-

tral on each phase.

The bypass valve was progressively closed to throttleI the flow In one gallon increments from 10 GPM to 1 GPM and
the developed line pres~sure was noted at each increvent.~
The initial test was performed at 1000F oil. tempezat~ures
and repeated at 250OF oil temperatures.

2.3.2 l~educed Input Voltage Tolerance

The Vickers lMotorpump was operated in one gallon incre-
mental flow rates from zero to 10 GPM. The input voltage
was gradually reduced and the flow rate was maintained at a
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constant value by readjusting the bypass valve. Detrimental
effects such as pressure instability, motor stall or exces-
sive motor heating were recorded.

2.3.3 Temperature Rise Characteristics

The Vickers Motorpump assembly was operated at nominal
input power requirements. The temperature rise, time his-
tory of the pump inlet, pump outlet and reservoir were re-
corded at one minute intervals for each one gallon change

in flow rate from zero to 10 GPM. The pressure head was
allowed to vary in accordance with the nominal pressure-
flow relationship. The test was halted when any one of the
three temperature observation points exceeded 280 0 F.

2.3.4 Start-Up Characteristics

The Vickers Motorpump assembly was operated in one
gallon incremental flow rates from zero to 10 GPMo The
operating point on the P-Q curve was established under nom-
inal input voltage conditions and the motorpump was stopped
and restarted. The time interval required for the devel-
oped pressure to reach a maximum level and any associated
pressure transients were recorded by photographing the os-
cilloscope trace of the pressure transducer output.

The input voltage was then progressively reduced in
ten volt steps and the output flow was maintained at the
maximum regulated rate of 8 GPM. The Vickers Motorpump
was stopped and restarted at each increment of applied vol-
tage and a photograph of the resulting pressure rise wave-
form was obtained.

The oscilloscope was set for triggered sweep and a
trigger pulse was obtained from a capacitive coupling to
one of the motor terminals downstream from the solenoid
operated disconnect switch. Therefore, the scope sweep
started when the first positive cycle of line current was
applied to the motor.

2.3.5 Loaded Actuator Performance Characteristics

The Vickers Motorpump assembly was connected to the
driving F-4 stabilator actuator and the bypass valve was
closed. The Polaris actuator was driven at a 0.5 Hz rate
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from a square wave generator. The frequency of the input
signal to the actuator was selected as representative of
the average rate of hardover inputs that a pilot could
generate at the control stick if he is working against the
"Q" spring load. The amplitude of the input signal was
adjusted to cause the F-4 stabilator actuator to follow
the Polaris input with a stroke of + 1, ± 2, + 2-1/4 inches,
as measured at the slide that connects the actuator to the
liquid spring. The stroke was limited to + 2-1/4 inch by
the selected cycle rate of 0.5 Hz and the limited flow from
the motorpump.

Temperature time history of the Vickers pump inlet,
pump outlet and the reservoir were recorded in one minute
intervals until any one of the temperatures measured ex-
ceeded 250 0 F.

2.4 Test Results

This section of the report delineates the results of
the five test series that were performed oh the Vickers
Motorpump Assembly.

2.4.1 Pressure Flow Characteristics

Fig. 47 is a graph of the pressure flow characteris-
tics of the Vickers Motorpump assembly under nominal opera-
ting conditions. The pressure compensation within the as-
sembly is capable of maintaining the delivery pressure with
moderate droop until the demand flow rate exceeds 8 GPM at
2600 psi. Maximum pump displacement is achieved and any
further increase in flow demand results in a rapid drop in
developed pressure accompanied by a slight increase in flow
due to reduced leakage and improved volumetric efficiency.

The change in the operating curve of the motorpump
at elevated temperatures may be attributed to an increase
in the clearances inthe various leakage paths and a de-
crease in fluid viscosity.

2.4, Reduced Input Voltage Tolerance

The electric motor driving the Vickers Pumps demon-
strates exceptional tolerance to reduced input voltage
conditions that occur after the motor is started at nominal
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input conditions. Fig. 48 shows that the motor will toler-
ate as much as a 237° drop in applied voltage at the maxi-
mum hydraulic power output point on the operating curve with
less than a 10% change in the developed pressure. Fig. 49
and 50 show that an even greater tolerance can be expected
at the operating points of 2 GPM at 3000 psi and 10 GPM
at 1700 psi. The electrical power requirement at 2 and 10
GPM is proportionally lower than the degraded electric
motor capability with reduced input voltage.

2.4.3 Temperature Rise Characteristics

Fig. 51 through 56 represent the temperature-time
characteristic of the pump outlet, reservoir and pump inlet
at flow rates of 0, 2.0, 4.0, 6.0, 8.0, and 10.0 GPM res-
pectfully. The curves show that the developed temperature
after a given interval of time is directly related to the
hydraulic power output.

Fig. 51 illustrates an unusual condition in which the
pump inlet temperature exceeds the pump outlet, This is the
result of •=ti.u=• agitation by the first stage centrifugal
pump impeller of the fixed quantity of fluid entrapped within
the centrifugal pump housing under no flow conditions. There
is a small (less than one quart/minute) flow of hydraulic
fluid through the intermediate seal between the pumps to
reservoir return. This flow lubricates and cools the bear-
ings that support the common pump shaft and causes the oil
temperature of the reservoir and pump outlet to rise slowly
above ambient conditions.

Fig. 51 through 55 show that as the hydraulic power
output increases, the time to achieve a limit temperature
of 280°F decreases from 33 minutes at 0 GPM to 6 minutes at
8 GPM. Beyond the 8 GPM point on the operating curve, the
hydraulic power output decreases very rapidly with increas-
ing flow. Fig. 56 shows that the hydraulic power output
at 10 GPM is not sufficient to cause the system to achieve
a limit temperature within a reasonable time period in con-
sideration of the intended usage of the Vickers Motorpump
assembly.

2.4.4 Start-Up Characteristics

Fig. 57 through 59 show the pressure-time start-up
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characteristics of the Vickers Motorpump at various flow
rates within the operating range of the unit.

The effect of the pressure feedback within the pmunp
is illustrated by the damped oscillation of the rising
pressure waveform at all flow rates below 10 GPM.

The time to reach maximum developed pressure is ap-
proximately 1.2 seconds and is relatively independent of
any flow restriction.

2.4.5 Loaded Actuator Test

Fig. 60 through 62 show the temperature time history
of the Vickers Motorpump device when the assembly was used
to power the simulated aerodynamically loaded F-4 stabila-
tor actuator.

The figures -illustrate the large effect duty cycle
has on the effective rate of temperature rise ol the Vic-
kers Motorpump a connected system. By comparing Fig.
61 with Fig. 52 it is evident that the rate of temperature
rise for operating in the steady state blocked flow mode
"is comparable to that achieved at a cyclic rate of 0.5 Hz
and + 1 inch deflection.

By comparing Fig. 62 and 63 with Fig. 53 it is apparent
that the rate of temperature increase at larger strokes of
+ 2 and + 2-1/4 inch deflection is considerably lower than
that developed by continuous operation at 2 GPM or higher
flow rates.

The selected cyclic rate of 0.5 Hz and the limited
flow from the Vickers Motorpump resulted in a maximum stroke
of + 2.25 inches for this test series.
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2.5 Conclusions

2.5.1 The Vickers Motorpump is suitable as a potential
emergency hydraulic power source for use in critical or
sensitive portions of an aircraft flight control system.

2.5.2 The motor portion of the package will run under
load with input voltages as low as 140 volts leg to neu-
tral with very little heat buildup.

2.5.3 The Vickers Motorpump will not start if the input
voltage is less than 180 volts leg to neutral and the)
steady state flow demand is less than 2.0 GPM.

2.5.4 The pressure compensation system within the Vickers
Motorpump is effective in maintaining a reasonable constant
pressure characteristic within the nominal operating range
of 0 - 8 GPM. The pressure droop is characteristic of a
differential cut off type pressure compensation mechaniza-
tion.

2.5.5 The probable temperature rise characteristic of the
Vickers Motorpump operating as an emergency hydraulic power
source, lies between the blocked flow characteristic curve
(level flight, little control input required) and the 2 GPM
steady state flow condition.

2.5.6 The start up time of 1.2 seconds is sufficiently
long that the effect of the delay on control loss should
be evaluated in any application of the package as an emer-
gency system.

2.6 Recommendations

2.6.1 The Vickers Motorpump should be modified to incor-

porate the manufacturers electrical pressure cut off to per-
mit the device to start at very low line voltages with very
little internal pressure buildup. This modification will
permit the user to utilize the excellent reduced voltage
operating tolerance of the device after start-up.

2.6.2 The system to which the Vickers Motorpump will be
adapted should incorporate a properly sized accumulator to
fulfill surge flow demands beyond the normal capability and
response of the motorpump and limit the pressurp surges
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within the system.

2,.6.3 To prevent a temporary control loss due to the
start up time of the package, it is recommendea that the
pump be started before engagement as an emergency system
is required. The package could be run with the pump out-

put bypassed (giving the least heat buildup) and when re-
quired, be switched out of bypass using a high speed sole-
noid valve.
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3. EVALUATION OF THE POLARIS INTEGRATED ACTUATOR PACKAGE

The PoLris actuator was manufactured by Hydraulic
Research and Manufacturing Company, Valencia,.California.
Lockheed Aerospace Company, Burbank, California, used the
actuator to provide the necessary control forces to steer
a Polaris missile during the ascent portion of the flight
envelope. The required operating life of the device was
less than 20 minutes.

3.1 Device Description

The Polaris integrated package actuator is shown in
Fig. 63. Hydraulic power is developed by a fixed displaceL
ment piston pump which is driven by a totally enclosed
28 volt, 2 HP DC motor. A flapper nozzle servovalve with
a maximum flow gain of 0.92 GPM @ 3000 psi and 18 ma con-
trols the flow to the actuator portion of the assembly in
response to drive signals from an external servoamplifier.
The actuator has an effective area of 0.99 in 2 which
results in a maximum slew rate of 3.54 in/sec.

Position ifeedback from the actuator is provided by an
internal LVDT assembly which has an open circuit output of
4 volts/inch with 24 vclt, 400 Hz excitation. The piston
pump, actuator and feedback transducer are assembled with-
in a ast aluminum housing. The housing also contains
(1) a reservoir, volume, which is pressurized by a boot-
strap piston coupled to the pressure output from the pumps,
(2) a return preSsure relief valve, (3) a high pressure
cut-off switch, (4) a reservoir fluid level switch to pre-
vent operation of the device if the reservoir volume is not
within limits, and '(5) a metering rod to indicate the level
of fluid contained in the bootstrap reservoir.

3.2 Test Purpose

The Polaris integrated package actuator performance
capability must by nature of the design be dependent on
the integral quality of the DC power source. Furthermore,
the high density high energy packaging technique, repre-
sented by the Polaris actuator and typical of most limited
life fluid media integrated actuator designs, tends to

reduce the opefational life of the mechanization. This
is caused by breakdown of the limited quantity of working
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fluid, failure of static and dynamic seals due to high
temperature operation, and deterioration of internal
electrical assemblies such as torque motors, solenoids,
and displacement transducers as a result of their proxi-
mity to or assembly within the hot actuator body.

The Polaris test schedule was developed to evaluate
the design integrity and useful life of the pump, servo-
valve motor, rieals, etc. under conditions more typical
of an application of the Polaris device than to a fly-by-
wire flight control system for a manned aircraft. There-
fore, the purpose of the Polaris test series is:

!. Determine the change in the nominal per-
formance characteristics of the actuator
when the DC supply voltage is increased
or decreased.

2. Determine the effects of prolonged opera-
tion of the actuator under continuous
cyclic conditions.

3.3 Test Stand Description

The Polaris integrated package actuator was connected
to the test stand shown diagrammatically in Fig. 64. The
28 volt DC source was monitored with voltage and current
meters. Voltage drop in the DC supply to the motor was
minimized by the use of a galvanometer type current meter
and meter shunt.

Due to the prolonged test schedule, it was neces-
sary to connect an external hydraulic source to the Polaris
actuator to circulate cooled hydraulic fluid through the
Polaris actuator pressure connection upstream of the boot-
strap reservoir. The circulating fluid was then returned
to the external hydraulic source via a fitting inserted
in place of the low pressure relief valve. This recircu-
lating fluid loop continuously bypassed a portion of the
working fluid through an external heat exchanger. The ac-
tuator body temperature was maintained at 1100 C (limited
by hydraulic fluid characteristics) by adjusting the flow
control valve inserted in series with the actuator. The
status of the recirculating cooling loop was monitored
with a low pressure gage and flowmeter.
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The internal linear variable differential transformer
was excited from a 24 volt RMS, 400 H. single phase-supply.
The transducer output (4 volts/inch open circuit) was de-
modulated with a "Collins" diode ring demodulator and fil-
tered with the second order time lag network. The filter
was designed to have a -3 db break point at 30 Hz; an order
of magnitude above the calculated frequency response of
the closed loop servo system assembled to drive the Polaris
actuator. The complete Polaris test stand is shown in
Fig. 65.

The transducer gain after demodulation and filtering
(2.85 volts/inch) and the known flow gain of the Polaris
servovalve were used to calculate the servoamplifier gain
required to provide a closed loop servo response of 3 Hz
at the -3 db break point.

3.4 Test Schedule Description

3.4.1 Dynamic Response vs. Applied Voltage

The Polaris test stand servoamplifier was driven with
a sinisodial input from a function generator. The function
generat6r provided a second output identical to that applied
as an input signal with the exception that the phase of
this signal could be adjusted to lead or lag the input
signal to the Polaris test stand. The amount of phase lead

or lag could be read directly from a calibrated dial. The
frequency of the input signal was swept from 0.1 Hz to
10.0 Hz. The amplitude of the input signal was established
at a kevel below that which would cause saturation in the
servgamplifier or servovalve at 0.1 Hz.

The Polaris integrated package actuator amplitude

degradation relative to a zero db poinc of 0.1 Hz was de-
termined by monitoring the displacement transducer feed-
back signal at the output of the filter network.

The phase shift c[-aracteristics of the Polaris servo-
actuator system was readily established by adjusting the
function generator phase shifted output to obtain a Lissa-
jous pattern on an oscilloscope which was indicative of
zero relative phase shift. The actual phase shift at a
given frequency was then read directly off the calibrated
dial on the function generator.

The dynamic response of the Polaris integrated actuator
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was initially evaluated at nominal input conditions of
27 volts DC. The test was repeated for applied voltages
of 22 and 32 volts DC.

3.4.2 Dynamic Life Test

The Polaris integrated package actuator was operated
with a 3 Hz sinusoidal input signal and nominal applied
voltage. The amplitude of the input signal was adjusted
to the maximum possible level that would not cause satura-
tion effects. The DC motor operating conditions (voltage

.and current), the ac~uatoi body temperature, and the ac-
crued operating time were monitored and recorded through-
out the test.

The Polaris integrated actuator was run continuously
on a day to day basis. The dynamic response of the actua-
tor was reevaluated weekly and the test was continued until
the actuator incurred a complete failure.

3.5 Test Results

The operation of the Polaris actuator became erratic
during the initial evaluation of the nominal dynamic res-
ponse characteristics. The problem was diagnosed as ran-
dom speed variations of the DC motor. An inspection of
the motor indicated that the soldered electrical contacts
had broken as a result of the heat buildup in the totally
enclosed electric motor.

The motor had been operated for at least 85 minutes
before the problem occurred, whereas the required opera-
ting life for the actuator for the Polaris missile appli-
cation is only 17 minutes.

The connections were resoldered and the motor cover
was trimmed and shaped to permit attachment of an external

14 blower and duct work tz direct a large flow of air through
the motor enclosure.

3.5.1 Dynamic Response vs. Applied Voltage

"Fig. 66 is a plot of the dynamic response of the
Polaris integrated actuator under nominal power input
conditions. The dynamic response referr-ed to the -3db
break point was 3.5 Hz with a servoamplifier gain of 9.5
ma/volt. The actuator deflection was + 0.33 inches at
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3 .Fig. 67 shows that the dynamic response characteris-

tics did not change when the applied voltage was increased

to 32 volts. However, Fig. 68 shows that the dynamic res-
ponse decreased co 2.5 Hz at the -3 db point when the ap-
plied DC voltage was reduced to 22 volts. This degrada-
tion was accomplished by saturation effects which made it
necessary to reduce the amplitude of the driving signal.

This characteristic is to be expected. The speed of
the DC motor is proportional to the applied voltage. Thus

- a reduction in the applied voltage will cause a reduction
in the flow of hydraulic fluid from the internal pump and
a corresponding drop in the linear velocity limit of the
servovalve. The input signal was previously established*

- just below saturation level. Therefore, the actuator
motion will now be nonlinear, as indicated by the distorted
(saturated) waveform observed at the LVDT filter output
terminals when the voltage applied to the driving motor
was reduced to 22 VDC.

3.5.2 Dynamic Life Test

The Polaris integrated package actuator operated con-
tinuously for 213 hours without any significant change in
the performance characteristics. Total failure occured
at this time as a result of the complete consumption of
the carbon brushes in the motor. There was no indication
of any abnormal seal leakage, wear or power input fluctua-
tions during the period of the test.

95

Ia



IjTqs aseqa 
00.0 .1Z, 00 0

I z I I I
TT7 

I
WT M.

9- H, MI

ýqý IJ Vill,
f4 HE

1! V_ _4HUI-, Týf TIM UT4, r

jfiý Wý

tV 14

i-H Tiý TT+41:fiý

4-

4 4-j
_r, 4-ýi+ 1ý rmý -I; Tý _T 44 1-

f4li-r+4T,!ý, t
T + T r4- EH CID.-T, ýýF F I ,__4 _T+- I. 4

+'T_T'- 1
tj U3

T;,4 1 T-r I

Tr7 
Tý

4- 4' 
I i; '

ýffi T, V,-, 4". T,, _ _ 1 1,77
4+ -,T' T_Tt7,- =T 7-., 7' 4- 7ýIi ýHl . 1 7 C14

F77

T-- 
t

ý4,
- __ :F - ti4-H f U)_J r_

T' 4 __'T_
4 fz'

r, rj)Tj
ri-T ý"iT171H.'n T +7 1 71I I i-iT Hill

TIT ýi lil r
1 M

441: 14-

::7ý" 
ý7

:7Tj f7

.7ý 7

-4

Zý miiý

=+ + r4

l:;-t =-4-

4-L 
ý4- 14-

I l d , +

.... ...... ... ... + t3-

4ý-
T T,

... I s 1 i ; 1 1 ! .

Tr'TTT1 tHH ;; I - f

1+1 4 IMP T -T" T-771 TT
7:7. it

t-'T
T . .... ... ...

. . ..... ... 7' LT:

-T-
L _:I:_

6
Oo C) CA \I Cý 0

013u'd apn3TTdtuV



110 0', ao om
In is 05 11 -r -2

14411 f 1-11 H 1 U4111MIF R TIMM -I tttfl Mr - a - iýli i

9- R1414ttiftV 11H-4 ý- U i I HU MW I 1i MUdIAM IN
I iW 1,711 ffft Ut "-I Ut itT!'

fIRK If 11 41111 -144f 4'hil 414 44! URT
rr ti- iýt 1 -.1 11 -MrT Týý

tz

WWt giý

9;
44

1414Tt

tl

i+i
4 14

T PIA -44

-V4
4-)

4-ý
-t f4-ri-

4-+-1

-1 4JI

ti4+

ýTh,
MIT 4,11, . 1 -1 04-'

Tr11 1 111 111,11110 W illill i I I I I I I 111 1 11 . 11 1 1 1 1 Jill I !I Ili 1111 w
4W-

----------------- CU
IT

-7':177

$4

ý4+ý 44- Till

T I I I

I'll PIP

1111 1 till

T I it .4

HI I

It
I -ýl t 1, '1 1 Jill 1111 1 jiltil . I I I I I TT

tt=if

:1,: 21 4H.i

F

4

+ qa oile-d apnjiTdtuv



3.6 Conclusions

3.6.1 The DC driving motor of the Polaris integrated
actuator will operate effectively over an applied vol-
tage range of 24-32 volts DC with no significant change
in the performance characteristics of the Polaris ac-
tuator. The service life of the mechanism is limited
by the pump motor design and construction; however, the
actual service life is very conservative la consideration
of the 17 minute operating life specification.

3.6.2 With the exception of the DC motor, the component
hardware packaged within the Polaris actuator assembly
demonstrates the anticipated conservative life expectancy
typical of servohydraulic hardware.

3.7 Recommendations

The following recommendations are offered in consi-'
deration of the modifications that would be required to
use the Polaris actuator for aircraft fly-by-wire flight
control systems.

3.-7.1 The Polaris integrated actuator pump motor should
be changed to a 400 Hz sychronous desio to eliminate a
large majority of the heat generated by .the internal resis-
tance losses typical of a low voltag'e high current DC motor.
An additional and very important benefit as a result of
this recommended change will be to substantially increase
the service life of the entire assembly.

3.7.2 The Polaris integrated actuator should be equipped
with a forced convection head exchanger to dissipate the
energy imparted to the hydraulic fluid at'a rate sufficient
to result in a stabilized actuator body temperature of
250 0 F. The blower for the heat exchanger should be driven
from the same prime mover that powers the hydraulic pump.

3.7.3 The modified Polaris actuator should be requalified
-' for flight test evaluation.
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4. EVALUATION OF THE McDONNELL DOUGLAS FBW SYSTEM

The McDonnell Douglas FBW system (Ref. 3) was designed
as a laboratory model demonstrator of a single axis redun-
dant fly-by-wire flight control system.

Thelobjective of the McDonnell Douglas FBW program
was to design, fabricate, and evaluate a fly-by-wire flight
control system compatible with the flight control require-
ments of aircraft of advanced design. An additional require-
ment was that the system offer a potential for significant
improvement in reliability over currently proposed elec-
trical flight control systems.

The McDonnell Douglas FBW system evaluated in this
section of this report was developed under USAF Contract
AF33 (615)-8958, under the direction of the Flight Dynamics
Laboratory, WPAFB, Dayton, Ohio. The effort was completed
in July 1968.

4.1 General System Description

The McDonnell Douglas triple redundant FBW flight
control system is an electrohydraulic sln-ge fail operate,
median select mechanization which controls the position
of an actuator in regponse to flight control commands
originating at a pilot's control stick. The system evalu-
ated and reported, in this section of this report is shown
irn simplified form in the schematic diagram of Fig. 69.
The principal parts of the system are: an electrohydraulic
servoactuator which can accept three electrical signal
inputs, three channels of electronic demodulators and
servoamplifiers and four sets of LVDT triple tandem posi-
tion transducers.

System operating and monitoring is provided by a
switch matrix and instrumentation installed in a control
console shown in Fig. 70. The console also houses the
channel electronic mocules and a patchboard where all
system interface connections were made.

In addition, the servoactuator, pilot control stick
and feel system, and a moveable surface and actuator load
system were mounted in a large test bed frame shown in
Fig. 71.
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4.2 Mechanization Description

4.2.1 Pilot's Contrcl Stick

Control inputs are applied to the pilot's control
stick. The movement of the control stick is restricted
by a spring and rate damper to simulate the "feel" charac-
teristic of a small fighter aircraft.

-- The movement of the lower end if the control stick
is converted into three identical electrical signals by
a triple tandem LVDT position transducer attached between
the control stick and the base of the mounting platform.
The output of the.LVDT is a 400 Hz waveform varying in
amplitude and polarity in resoonse to pilot inputs.

4.2.2 Control Channel Electronics

The McDonnell Douglas FBW system contains three iden-
tical control channel electronic modules. Each module
contains five synchronous demodulators, a voltage ampli-
fier and suumer and a servovalve drive oz curreat1 aapli-
fier. In addition, each module also contains the DC sup-
plies cor uhe servoamplifiers and the excitation source
for the LVDT.assemblies.

The three electrical signals developed by the con-
trol stick LVDT assembly are synchronously demodulated by
a "chopper" driven from LVDT excitation source-. The "chop-
per" output is an 800 Hz full wave demodulated waveform
that varies in amplitude and polarity in response to pilot
control inouts.

The demodulated control stick zignal and the nega-
tive feedback signals from the servoactuator are summed
algebraically at-the input to che channel electronic vol-
Stage amplifiers. The resulting error signal is amplified
and converted to a current output in the valve drive or
current amplifiers. Therefore, the channel electronics
output is three very nearly identical current drive sig-
nals proportional to the difference betweeh the commanded

position of the hydraulic actuator ,and the actual position
-achieved.
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4.2.3 Servovalve

The current signals from the control channel elec-
tronics are applied to three separate jet pipe servovalves.
The current drive results in a displacement of the arma-
tures of the torque motors and attached jet pipe which
creates a differential pressure across the discharge ports
of the servovalve. The differential pressure is propor-
t.onal to the curzent input to the servovalve.

The flow of pressurized hydraulic fluid to the servo-
valve is controlled by a solenoid actuated shut off valve.
When activated, the shut off valves block the flow of hy-
draulic fluid to the servovalve and bypasses the servo-
valve jet pipe.

4.2.4 Modulating Piston

The differential pressure output of each of the three
jet pipe servovalves is directed to one of three 'modula-
ting" pistons. Each modulating piston assumes a position
where the force generated by the df=f:.. t--1 .
plied to tie effective area of the piston is just balanced
by the resisting force of the centering springs and coupled
loads..

The positioni of each modulating piston is sensed by
an LVDT assembly. The LVD)T electrical signal is fed back
to the respective channel electronic module where it is
demodulated and subtracted from the control stick inout
to form the i.nner loop of the servomechanism.

4.2,5 Voter Mechanism

The movement of each modulating piston is coupled
to one arm of the unique "voter" mechanism shown in Fig.
72. This dev-Ice mechanically selects one of the three
driving channels and transmits the selected channel modu-
lating piston movement to the hydraulic actuator control
valve.

The voter arms that couple the modulating piston to
the, voter output shaft carry along a cantilever spring
loaded roller cam which engages a machined groove in the
voter mechanism output shaft. The rollers are preloaded
into the groove and exhibit a detent characteristic for-
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very small angular deflections of the voter arms as shown
in Fig. 73. Angular deflections greater than .0i radians
cause the roller to break out of the cam groove.

The voter arm torque input to causc voter arm move-
ment must exceed the threshold or breakout vqlue defined
by the geometry of the cam groove and the preload force
of the voter arm cantilever spring. FurVheimore, the
cp-a geometry limits the torque applied to the voter out-
put shaft by any one voter arm to a value equal to the
breakout tormue and effectively maintains this torque
level throughout the nominal range of angular movement
of the voter arm.

Normal interchannel tracking errors between the three
identical control channels and the effects of the system
dynamic characteristics will result in a random and con-
tInually changing distribution of the voter arm rollersI about the center of the cam groový. The voter output
shaft will continuously follow the movements of the voter
input arms and will always assume a position of torque
equilibrium for which the summation of torques applied

I by the voter arms and reflected loads is equal to zero.

Smo The voter mechanismiooutput shaft will follow the
movement of the median positioned voter arms. The voter

Iarms that are not perfectly synchronized and detented in
Ithe cam groove will be. positioned on either side of the

cam groove such that their respective torque inputs are
equal in magnitude but opposite in direction and self-
cancelling.

The control of the positioni of the voter output shaft
wll- continually pass from one channel to another as the
vor-er system (modulating pistons, voter arms, voter out-
put shaft and actuator slide valve) responds to the dynamic
characteristics of the mechanization.

The reader is ref-erred to the detailed dqscription

of this unique median select mechanization in reference 1.

4.2.6 Slide Valve

The voter mechanism output shaft movement is coupled

I
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to a dual tandem coaxial four way slide valve which me-• ters the flow o£ h ~r=,,1it, •I,,0A f- t-1 neh -•t--tr ftrom 41

separate sources.S.

'he slide valve is a two spool staged design. The
voter mechanism output shaft engages a primary inner spool
which is free floating (not spri.ng centercd). The outer
spool is positioned to a neutral position within the valve
housing by a set of centering springs. The inner spool
picks up the outer spool midway through the total stroke
of the slide valve and the two spools are driven in uni-
son. The unique valve feature prevents blocking of the
actuator motion due to valve jamming. Fig. 74 shows the
assembled control valve.

4.2.7 Control Surface Actuator

The control surface actuotor is a dual tandem hy-
draulic cylinder, The nominal operating pressure is
3000 psi. The effective area of each cylinder is L1065
in. 2 and the stroke is 3.300 inches. The hydraulic ac-
tuator also houses a triple tandem LVDT position trans-
ducer which generates an electrical signal analogous to
the position of the hydraulic actuator.

The output of each of the three actuator LVDT as-
semblies is fed back to the respective channel electronic
module where it is demodulated and subtracted from the
pilot input at the summing junction of the voltage empli-

fier, thus forming the main or outer feedback loop of the
servomechanism.

4.2.8 Test Bed

The servoactuator and load system of the Douglas
FBW system are mounted to a large stable test bed shown
in Fig. 75. A hinged surface creates the effect of an
elevator so the operator can sense the effectiveness of
the control system. The surface and the hydraulic actua-
tor are coupled to one end of a torsion bar with a link-
age system. The torsion bar was designed to resist the
actuator motion with a hinpe moment equivalent to an air-
load appropriate for the size of the hydraulic actuator
employed,IS
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The actuator load system was fitted with an addi-
tional inertia load and a damper to adjust the nal.ural
frequency of the attached load to a ý6int where motion
amplification due to structural resonance would not
occur. Furthermore,, a protractor assembly was attached
to the test bed frame to visually indicate the angular
deflection of the attached control surface.

The test bed also mounte: the pilot's seat, con-
trol stick, and torsion bar artificial feed system; the
solenoid valves and attached plumbing to generate three
controllable hydraulic sources from one laboratory pump
stand and a junction box for termination and intercon-
necting of the electrical components remote from the test
control panel.

4.2.9 Test Control Panel

The operation of'the McDonnell Douglas'FBW system
is directed through the test control panel shown in Fig.
76. The test control panel provides the switch matrix,
ccntrol circuitry and monitoring instrumentation for the
control-of the 115 volt 400 Hz and 28 VDC power sources
fnr thn rnmnlptpC __ __ _J
control channel disconnects, hardover signal sources and
hydrajilic source control functions are available on tha
control panel. Status indicator lamps are provided as
required. Storage space is provided for the three con-
trol channel electronic modules and a spare unit.

4.3 Control Channel Failure Detection

The quality of the three individual control chan-
nels is continually evaluated by an electronic monitor
shown in Fig. 77. The monitor works in conjunction with
the servoactuator assembly and functions in the following
manner,

Three independent modulating piston LVDT output sig-
nals are available from the servoactuator assembly. In
normal oDeration these signals track within close tolerances
and suppilT virtually identical inputs to the monitor. In
the event of a failure, one of these signal inputs will
differ from the other two. The function of the monitcr
is to constantly compare all three signal inputs and de-
tect a significant (20%) variation of one from the other
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two. Dynamic differences are tolerated by a monitor error
integrating time constant of 0.2 to 0.5 seconds.

Upon detection of a variation, the monitor disables
the failed channel by interrupting the 28 VDC electrical
poer to the servovalve hydraulic supply shut off valve.
The failed channel is "locked out" to prevent random
hunting in the event of an intermittent failure. The
monitor disables itself after the first failure by lock-
ing on the remaining two good control channel servovalve
hydraulic supplies irregardless of subaequent innerchan-
nel variances.

The first failure will cause very little change in
the output of the servoactuator because the voter mech-
ansim still-has two active inputs which may be votedwith
the neutralized channel. However, a nonsynchronous voter
action must preside in this condition. Two active voter
inputs must continually and bilaterally move to a posi-
tion where the torque loading of the inactivated channel
is effectively cancelled, and the remainirg voter input
may assume control of the servoactuator slide valve.

The second failure will cause a near complete loss
of control due to the inability of the voter mechanism
to function effectively with two neutralized inputs.
The severity of the effect of the second active control
channel failure will vary as a function of the type of
failure as discussed in reference 3.

4.4 Test Schedule

The following test schedule was developed to evalu-
ate the dynamic performance characteristics of the McDon-
nell Douglas single fail operate FBW system in the vari-
ous possible modes of operation and with certain select
simulated failures.

a. Determine the unloaded nominal
dynamic response characteristics
in the single fail operate mode.

b. Determine the loaded nominal dy-
namic response characteristics
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,s<'&crI-iv: Lthe unItxided dynari':,
r sp(n--e characteri tics with z
fiiliire ol one ot the three a:-
tive control channels. Fail-
ures are to be simulated bv in-
terrupting the 28 VDC power to
the selected control channels.

d. Deternine the unloaded dynamic
response characteristics with a
single hardover failure applied
to one of the three active con-
trol channels. Evaluate for
both positive and negative pc-
larities of the hardover sig-
nal.

e. Determine the failure detection
characteristics of each active
channel with a 3 Hz sinusoidal
input. Evaluate with hardover
failures of both positive and
negative polarity.

4.5 Test Procedure

4.5.1 Single Fail Operate Dynamic Response Characteristics

The dynamic response characteristics were evaluated
by determining the amplitude degradation and phase shift
of the actuator output over a frequency range of 0.1 to
20 Hz.

The pilot input feel system was disconnected and the
control linkage was driven with a sinisodial output motion
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iro(, a closed loop ele trohydraulic servomecchanism assem-
sled specifically for this purpose.Ihe servoactuator was designed and )ricated by

Hydraulic Research and Manufacturing persu lel for appli-
cation as the output actuator for the B-47 phase one and
two flight test evaluation disclosed in Volume Ilof thiL
report.

The servoactuator drove a linkage attached to the
control column pivot shaft. Position feedback was pro-
vided by a DC biased potentiometer attached at the end
of the control column pivot shaft.

The servovalve of the servoactuator was driven from

a specially constructed current amplifier and the loop
gains were adjusted for a nominal first order response
of 7 Hz at the -3db break point.

The servoactuator, servoamplifier and bias supplies
are shown mounted on the McDonnell Douglas test bed in
Fig. 78.

The input to the servoamplifier was adjusted to
maintain a constant control input amplitude as the opera-
ting frequency was swept through the desired range.

The amplitude degradation of the McDonnell Douglas
FBW system output actuator was referenced to a zero db
point defined as 5% of the input signal that would cause
a distorted output at a frequency of 3 Hz.

The demodulated output of the channel one actuator
LVDT position feedback signal was obtained from a test
point inserted at the input to the actuator position feed-
back gain resistor which terminated at the sunming junc-
tion of the voltage amplifier.

The 800 Hz demodulated signal was filtered with a
second or••ir lag network having a break frequency of 80
Hz. The filter break frequency was designed to be appro-
ximately one order of magnitude above the expected dynamic
response of the McDonnell Douglas FBW system.

The filter output signal was coupled to the horizontal
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ni i c-"I he ctr:l column inpuL siJnal was obtai:;i.e from
the feedback potentiometer of the servomechanism assen,-
bled to drive the McDonnell DougLas FBW system. This
signal and the filtered output signal from the charnel
one McDonnell Douglab FBW servoactuator demodulated were
applied to the axes of a DC coupled oscilioscope to ob-
tain the Lissajous pattern for phase shift measurements.

The unloaded dynamic response evaluations were made
by removing a portion of the linkage that connected the
output actuator to the attached load,

4.5.2 Failure Detection Characteristics (4.4 e)

The McDonnell Douglas FBW system was driven at 3 Hz.

The servoactuator demodulated and filtered output signal
was monitored with an oscilloscope and Polaroid camera
attachment. Positive and negative hardover signals were
injected into each channel and the resulting deviations
in the waveform of the motion of the servoactuator were
recorded on film.

4.6 Test Result and Analysis

4.6.1 Initial Operational Problems

The McDonnell Douglas FBW system would not operate

with all channels engaged when the evaluation was initia-
ted. The problem was traced to a gross mismatch in the
DC null of the servoamplifiers which was causing the moni-
tor to disable channel two on a continuous basis. The
servoamplifiers were electrically nulled by adjusting the
potentiometer prcvided for this purpose through a small
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hole ii the servohmplif ier ca-,v that was obvicus 1 plaoced
Io fac il itate this operation. 'the null chiraczeristics
were found to drift vety bad.. fhe control channels
renuired a 2/+ hour warm-up period co stabilize tht_Ž OUL -
pu t.

Th, McDonnell Douglas FBW system was then operited
ith manual inputs to the control stick and it was dis-

covered that any input greater than that sufficient to
cause a + 1 movement of the control surface would cause
the taonitor to consistently disable channel two.

This problem was initially traced to a mismatch in
the open circuit amplitude of the signals from each triple
tandem LVDT transducer assembly. The channel electronic
modules were inspected and found to contain 10 turn linear
potenciometers inserted as voltage dividers at the output
terminals of each LVDT demodulator.

The signal amplitude of each output of each triple
tatdem LVDT assembly, including the control stick input
unit was then painstakingly matched on a dynamic basis
by adjusting the potentiometers provided for this pur-
pose. During the completion of this procedure, it was
discovered that the channel two servoamplifier was dis-
playing an unusual diode characterislic in that the am-
plifier gain varied as a function cf the amplirude of the
input signal. The amplifier was replaced with a similar
unit from the spare electronics module supplied witti the
FBW system and the variable gain characteristic was eli-

minated.

The McDonnell Douglas FBW system was then reactivated

and found to function• satisfactorily at signal inputs
that would not cause a surface deflection in excess of
two degrees at 1.0 Hz. Above this level, the monitor con-
tinued to disable channel- on an indiscriminate basis and
was finally bypassed for the remainder of the evaluation
with the override switch provided for this purpose.

The unloaded dynamic response of the McDonnell Doug-
las FBW system was evaluated and found to be 4 Bz at the
-3db break point. This was a considecable deviation from
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the response r-a5!ýJements shDwn in the system test result,-
c- ri-eerence one and a decision was made to attempt to
aduus_ the loop gains for maximum dynamic response with-

uit iistability.

lie lcop gains were adjusted on a trial and error"
basis by increasing the outer loop gain in small matched
movements and noting the change in the nominal dynamic
response characteriscics. The final result was that the
dynamic response characteristics were significantly im-

proved. The system did become unstable at very high outer
loop gain settings, but the inner loop gains for the mo-
dulating piston and slide valve feedback were 1djusted
to eliminate this instability.

The McDonnell Douglas FBW system was then powered
up and allowed to stabilize for several days after which
a final DC null trim adjustment was performed prior to
initiation of the evaluation tests.

4.6o2 Dynamic Response Evaluation

The results of the evaluation of the dynamic res-
ponse of the McDonnell Douglas FBW system in the single
fail operate mode are shown in Fig. 79 through 82. In
general the dynamic response characteristics remain con-
sistent throughout the investigated modes of operation.
The response characteristics illustrate a significant pre-
dominance of higher order effects. The system bandwidth
remains very flat out to a well defined "porch" followed
by a near linear decay in the amplitude ratio of approxi-
mately 9 db per octave.

The frequency response ef the McDonnell Douglas
FBW system in all investigated L,odo- of operation varied
from 8 to 9.5 Hz at the -3db break point,

The phase shift characteristics show a sudden, very
large increase in the relative phase shift in the fre-
quency region of 6 - 9 Hz which correlates with the dia-
gradation in the amplitude ratio previously observed.

The unloaded and loaded dynamic response charac-
teristics, Fig. 79 ad £0 show that tha applicacion
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of simulated aerodynamic loads has very little effect
on the performance characteristics of the system.

The dynamic response characteristics of the Mc-
Donnell Douglas FBW system in the unloaded mode with
simulated failures is shown in Fig. 81 and 82. Single
failures of the active or passive type did not materi.-
ally affect the performance characteristics of the FBW
system.

4.6.3 Failure Detection Characteristics (Monitor De-
activated)

In normal operation, the system monitor would de-
tect hardover failures and deactivate the deviating
channel. The modulating piston would assume a neutral
position which might alter the results preoented in the
following section of this report.

The instantaneous deviations in the 3 Hz sinusoi-
dal output motion of the servoactuator with hardover
failures injected one at a tfmhe into each active chan-
nel are shown in Fig. 83 throuigh 85. In generJl the
results illustrate that the voter mechanism effective3v
decouples the hardover inputs with very little distor-
tion of the servoactuator output waveform,

The channel one results shown in Fig. 83 show the
maximum actuator output waveform deviation experienced
in this evaluation, The results indicate that channel
one voter arm was in control of the voter output shaft
and actuator slide valve when the hardover input was
injected. The voter mechanism assumed a new p 3ition
of torque equilibrium which produced an actuator posi-
tion offset equal to 0.500 of surface deflection, The
offset was in the direction of the hardover input.

The channel two and three test resulcs show Mittle if
any effect as a result of the injection of a hardover signal.

4.7 Conclusions

The bandwidth of the refurbished McDonnell Douglas
FBW system is very adequate for fly-by-wire applications.
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Hardover Positive

Hardover Negetive

Vertical 1 0 Surface Motion /Major Div.

Horizontial 0.16 Sect Cm.

Figure 83. Ch~annel One Failure Detection Ch.-arac teris tics
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Hardover Positive

'1o Measureable Effect

Hardover Negative

Vertical I0 Surface Motion / Major Div.

Horizontial 0.16 Sec/ Cm.

Figure 84. Channel Two Foilure DetectioniCharacteristics
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_____ve Positive--

Hardover Positive

Hardover Negetive

Vertical 10 Surface Motion / Major Div.

Horizontial 0.16 Sec/ Cm.

Figure 85. Channel Three Failure DetectionCharacteristics
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The voter mechanism functions very well in de-
coupling active or passive control channel failures in
the single fail operate mechanism. However, the prin-
ciple could not be applied to a two fail operate mech-
anization unless the additional active channel input
to the voter torque summation shaft is decoupled until
the first failure is detected and removed.

This requirement is necessitated by the fact that
a median select system cannot function with four inputs
because there will be two mid-values.

The control channel electronic hardware is of
marginal quality and definitely not adequate for fly-by-
wire applications. The operational amplifiers are not
stable and exhibit a gross long term drift characteris-
tic which can only be corrected by the complete replace-
ment of the entire servoamplifier network with state of
the art chopper stabilized devices which have very fav-
orable and very long term limited drift characteristics.

in addition, the hydraulic supply solenoid valves
are not of the continuous duty .type, although the method
of operation of the FBW system requires this specifica-
tion. Consequently, two of the three solenoid valve
electrormagnets shorted during the evaluation. The first
short caused extensive damage to the internal wiring in
the control console as a result of the use of low tem-
perature thermoplastic sheaths and the commonly applied
practice of running power and instrumentation wiring in
a common laced bundle.

The solenoid short caused excessive current in the
DC power conductors to the valve and the switches on the
control console. The solenoid DC supply was not wired
through a fuse, although several spare fuse elements
were provided on the control console. Therefore, the
current surge melted together several cable assemblies
before the power could be manually interrupted at an
external circuit breaker.

This instance and others of a like nature discus-
sed in this report that Ihave occurred in the performance
of this contract indicate the dependency a fly-by-wire
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system placed on the integrity and quality of the inter-
connecting wirxng and the craftsmanship of the fabrica-
tors and installers of fly-by-wire systems.

4.7 Recommendations

The McDonnell Douglas fly-by-wire laboratory model
demonstrator performance characteristics are totally
dependent upon the integrity of the voter mechanism.
This device is purely mechanical and is thus subject to
wear as a result of the continuous movement of the voter
input arms and output shaft. In addition, the voter mech-
anism may be sensitive to forcing functions caused by
acceleration and vibration inputs.

Therefore, it is recommended that a wear life and
environmental test evaluation be conducted on this sen-
sitive area. The McDonnell Douglas FBW system should
be run on a continuous cyclic basis and the dynamic res-
ponse and failure detection characteristics should be
evaluated on a scheduled basis with and without envir-
onmental effects, to determine if the voter mechanism
performance will degrade with continued use.

In addition, the monitor device s•h,•lu.. be refur-
bished and the failure detection characteristics should
be re-evaluated with the monitor functiohing. The de-
tection characteristics may be changed bL Lhe fact that
the monitor disables the hydraulic sappL 7 to the servo-
valves thus neutralizing the respective ýhannel modu-
lating piston. The failed channel "xter arm may cause
more interference in the position because it will lag
very near the zero center position of the voter output
shaft and may introduce crossover distortion as the sys-
tem input swings through the slide valve center position.
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. •CTION IIl

REDUNDANT ACIUATLON A.ND CONTROL
EQUIPMENT DESIGN TECHNIQUES

i. TECHNICAL APPROACH

In the last ten year period, there has been co0:2derable
activity in the field of redundant flight control syst-,.C
This has been particularly true in the area of redundant zic-
trohydraulic control systems based on using electrical rather
than mechanical transmission of control signals. 'To meet the
reliability demands on the electrical "fly-by-wire" control
systems, various redundancy techniques for the electrical

and electrohydraulic elements have been developed. Some of
the current techniques carried through to flight equipment
exist in the F-Ill, Concord SST, TWeaD F4 (experimental) and
Triple Six F4 (experimental).

The redundancy technique most commonly used to improve
the reliability of uhe electrical elements is based on a
median select mechanization. This mechanization connects
the output of the redundancy block to the element whose out-
put lies between the other two elements, both in amplitude

and polarity. In the case of electrohydraulic actuator re-
dundancy, the techniques used to incorporate redundancy vary

from force-sharing to active-standby mechanizations. The
force-sharing mechanization couples the outputs of three
or more control elements together so that the deviations of
any one element tend to be cancelled out by the other paral-
lel elements. In the active-standby system, each control
element's performance is monitored and the control elements

are selectively coupled to the output of the mechanization.
Only one control element is coupled at any one time to the
output.

Application of the force-sharing mechanization is con-
fined to "series"-type actuators. (A series actuator is
considered to be one that is in series with the control in-
put, and normally drives the input linkage of an actuator
driving a control surface.) The high actuator stiffness
required to drive a control surface makes the force-sharing
technique (with its required parallel element force output
matching) too difficult to be practicable at that point in
the control system. The active-standby mechanization is
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utilized both for ,erLes and surface type actuators.

All of the redundancy techniques to date have based
their design on the use of parallel control elements in order
to improve reliability. All of the redundancy techniques
also incorporate some "common" elements. (A "common" ele-
ment is one whose operatio, affects the total input-output
operation of the redundancy block.) These common elements
appear in the monitorirg and switching elements of the active-
standby mechanizations. In the force-sharing and median select
mechanizations, the common elements appear in the connection
of the cutput of the redundancy elements into one common elec-
trical or mechanical item.

From the standpoint of the reliability achievable from
parallel-element redundancy, there is a significant advantage
ir. eliminating all common tie points between redundant control
channels in a redundant control system mechanization. This in-
cludes eliminating the elements used to make comparison be-
tween control channels for the purpose of failure detection
as well as the output common element.

This principle is recognized in some of the latest air-
craft designs, even with some of the 'conventional control sys-
tem mechanizations. Some of the large aircraft now employ
split surfaces. Even in the split surface configurations
(basically an aerodynamic force sharing mechanization) it is
necessary ro monitor the individual failures. The input-output
monitoring technique does not solve the problems of surface
synchronization, but does maintain interchanne! isolation of
ci monitoring elements and detects channel failures.

The theoretical basis for this approach can be seen by
examining the reliability diagrams and expressions for a
general •,,rallel-redundancy mechanization. The analysis is
based on the following points.

.•,In a redundant system, component failures
ha.ve p'-• the two following effects on the

r em:

a) The component failure appears as a
single channel failure, and

b) The component failure fails the func-
tion of the whole system.
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2. The function of the redundant control sys-
tem is twofold:

a) The system generates an output in
relation to some input, and

b) In the event of a component fail-
ure, the mechanization detects the
failure and removes its effect on
the output cf the system.

Therefore, by categorizing, as listed above, the failures of
the elements making up a redundancy mechanization, component
reliabilities can be represented as either series or parallel
reliabilities in a reliability flow diagram.

Consider a 3-channel redundant system. In the following
general reliability flow diagram, RI, R2, and R3 are the re-
liabilities of those control elements appearing as channel
failures, while R* is the reliability of those elements
whose failures would cause total loss of the system function.

R 2 R]

Assume that RI R2 = R3, and that any one of the three par-
allel units being operational is adequate for the operation
of the redundant configuration. The reliability of the three
parallel element configuration is:

1ý = 3s= R* (I - Ql) where R is the probability of no
failure,

Q is the probability of failure,

R + Q = 1, and

R. is the system reliability.

It is interesting to examine the above reliability equa-
tion, assuming that the series reliability R* is 100 times as

133



reliable as R1 . This means that R* = I - 0.01 QI

3Therefore Rs = (1 - 0.O0QI) (I - Q3)

Rs = I - 0.OlQl - Qj + 0.01 4
Qi

Calculacing Rs, the system reliability, and the relia-
bility of the parallel elements without R*; and with RI
varied:

(Reminder: the series element reliability
in all cases is 100 times better than that
of a single parallel element.)

R1 Rs Parallel Elements Alone
(1-Q•) _?)

Case 1 0.9 0o998 0.999

Case II 0.99 0o9999 0.999999

Case III 0.999 0.99999 0.999999999

Case IV 0.9999 0.999999 0.999999999999

The reliability difference (without the series element
"-R*, as compared to with it) is:

Case I is 2 to 1
Case II is 100 to 1
Case III is 10,000 to I
Case IV is 1,000,000 to 1.

What is indicated, as the reliability of parallel
elements is improved through design evolution or technolo-
gical breakthrough, is that the benefits of redundancy are
dramatic if the series or "common" elements can be elimina-
ted. What is also indicated is that pure parallel redundancy
has the potential of allowing control system reliability
equal to that of the airframe itself.
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It therefore appears that the primary objective of the
design of any redundancy mechanization should be the elimi-
nation of "common" elements. While total elimination is
probably not practical with current state-of-the-art control
techniques, selection of allowable common elements should
be very carefully done, in order to realize even some of the
reliability improvement possible with parallel element re-
dundancy.
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SECTION IV

INVESTIGATION OF POWER SWITCHING VALVES

1. INTRODUCTION

In incorporating redundancy in flight control system,
it is sometimes desireable to switch hydraulic supplies to
a hydraulic branch, when the normal hydraulic supply fails.
To investigate the feasibility of such a switching device,
a power supply switching valve was designed, fabricated and
laboratory tested. The valve, upon the reduction of the
primary supply pressure to 1/3 of the secondary supply pres-
sure, transferred both supply and return line output con-
nections to the secondary hydraulic system.

2. MECHANIZATION DESCRIPTION

Fig. 86 is a cross-section drawing of the valve. In
order to minimize contamination sensitivity, no lapped fit
seals were used to seal off the supply pressures. Metal to
metal cone face seals were used to block the two supply pres-
sures. To prevent flow (which could cause silting by carry-
ing in dirt) through the clearances be:tween the switching
spool and its sleeve, teflon cap seals were used on the spool.

The principle of operation was based on a force unbal-
ance applied to the switching spool end. As long as the pri-
mary hydraulic supply pressure ýemained above 33-1/3% of the
secondary supply pressure, the pressure on the spool end
areas generated a force which held the switching spool to
the left (as shown in Fig.86 ), connecting the primary hy-
draulic system P1 and R1 to the output pressure and return
ports. With the reduction of the primary supply pressure
below 1/3 of the secondary supply pressure, the switching
valve moved to the right, connecting supply P 2 and R2 . Fig.87
is a photograph of the test valve hardware.

In constructing the switching valve, the spool was
fabricated from a hardened stainless steel. The portion of
the sleeves containing the cone seats for pressure shutoff
were fabricated from brass. This material was selected to
allow the hardened shutoff spool to form its own seat. The
preb-are drop with flow through the switching Valve was
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designed to be 10 psi at 20 GPM.

3. TEST PROCEDURE

The switching valve was connected in the te et circuit
shown in Fig. 88 Supply pressure P2 was maintained at

3000 psi while P1 was lowered. The pressure gauge connected
to the switching valve output pressure port was used to in-
dicate the supply system transfer point.. The !oad valve
was used to vary the flow through the switching valve from
0 to 10 GPM, while checking the switchina characteristics.

The pressure transducer and chart recorder were used
to record the transfer characteristics.

4. TEST RESULTS

With P 2 at 3000 psi, the switching block transferred
when P1 was reduced to 600 psi. After transfer to the P2
system, increasing PI to 900 psi caused the switching valve
to reconnect the PI supply to the output. The difference
between ~he i00 psi design switching level and the meassr ...
600 psi was due to the P 2 drive area (determined by the exact
sealing point on the cone face sea!) being slightly smaller
than anticipated. Fig. 89 shows the measured output charac-
teristics when P1 system supply stand was turned off while
flowing i GPM at 3000 psi.

5. RECOMMENDATIONS AND CONCLUSIONS

The switching valve worked as designed°. The design
which was tested incorporated face seals for pressure line
switching. It incorporated, however, conventional spool-,
sleeve shutoff for the -eturn lines. From a contamination
sensitivity design poin;, it would be desireable to use face
seals for both the suppl and return line switching. Fig.90
shows a design approar'. 4hich uses face seals for both the
pressure and return line transfer.
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